The Soay sheep population of St. Kilda fluctuates widely in population size and sex ratio, so that the level of male-male competition for mates varies from one rut to the next. In this paper we investigate variation in individual male breeding success in relation to age and population size at the rut, and its outcome in terms of lifetime breeding success. Since both sexes are promiscuous, and census-based behavioural data do not predict paternity, we conducted the whole analysis on breeding success derived by molecular techniques. We assumed that every male living in our study area during the rut (N= 68-294 in different years) was a candidate father for each subsequent lamb, and used the parentage inference software CERVUS 1 .O, applied to up to 17 allozyme and microsatellite loci, to infer paternity at 95% and 80% confidence. Using 945 paternities assigned at 80% confidence, we show that juvenile rams (aged 7 months) and yearling rams (aged 19 months) regularly obtained paternities and that mean individual breeding success varied inversely with levels of competition in the rut for all age classes of ram. The proportion of young (juvenile and yearling) and adult rams gaining one or more paternities showed similar variation with population size, but the sibship size sired by young and adult breeders showed different patterns: adult rams sired larger sibships at low population size, while the size of sibships sired by young rams was small across all population sizes. Variable breeding success by young rams approximately halved the estimated coefficient of variation in lifetime breeding success of Soay rams. 
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IYTRODUCTION
Molecular techniques for assigning parentage in natural populations have been available since 1985 when DNA fingerprinting, using multiple minisatellite loci scored simultaneously, was first described (Jeffreys et al., 1985) . Since then there has been remarkable activity in the field of parentage analysis in the wild (e.g. see recent review by Hughes, 1998) . For example, the rate of extra pair fertilization can now be compared across a wide range of socially monogamous bird species (Birkhead & Moller, 1992) and the causes of variation in rates of extra pair fertilization within and between bird species can be investigated (Griffith et al., this volume) .
The great activity in molecular parentage studies in natural populations has, however, been concentrated on cases where there are a limited number of candidate parents, most commonly a socially monogamous bird species with just a few candidate parents for a brood of chicks. In many cases, molecular techniques have not only resolved parentage in a descriptive sense, but also allowed issues of evolutionary interest, such as parental investment and sexual selection to be addressed (e.g. Burke et al., 1989; Kempenaers et al., 1992) . In contrast, there have been relatively few studies which have investigated polygamous or promiscuous organisms in which there are numerous candidate parents for each offspring, and published accounts tend to describe the mating system itself rather than investigate evolutionary issues within it (e.g. Pemberton et al., 1992; Amos et al., 1995) .
Two causes of delay for molecular analyses of polygamous and promiscuous mating systems can be identified. First, despite several efforts at capture and comparison by computer, multiple comparison of multilocus DNA fingerprint profiles, as required for such mating systems, was slow, difficult and arguably unreliable. Second, once single locus microsatellite profiling was developed (Litt & Luty, 1989; Tautz, 1989; Weber & May, 1989) , with the possibility of computer storage and comparison of genotypes, it became clear that inferring parentage from among many candidates with known statistical confidence was not trivial. In brief, when there are multiple genotype comparisons to be made, the exclusionary approach is sensitive to typing error and the problem of multiple matching candidates, and the exclusion probability is an inappropriate reporting statistic. A solution to these problems is to use likelihood, which is capable of discriminating matching candidates (Meagher, 1986) , and may be modified to include a genotyping error rate. Statistical confidence for the most likely candidate can be obtained by simulation, when the common problem of unsampled candidates can also be incorporated (Marshall et al., 1998) .
In this paper we describe the large scale use of likelihood-based paternity inference in a population with several features that mitigate against successful paternity identification. Both sexes of the Soay sheep (Ovis aries Linnaeus) of St. Kilda are promiscuous (Grubb, 1974a, b; Jewell & Grubb, 1974) , with focal watches of oestrous ewes recording as many as 163 matings with 7 rams in 5.5 hours (K. Wilson, pen. comm). Censuses of rut consorts do not provide reliable information on the identity of the true father (Coltman et al., 1999) , so that all rams present in the study area during a rut have to be treated as candidate fathers for every lamb born the subsequent spring. Rams mature precociously (Stevenson & Bancroft, 1995) , so all juveniles (aged 7 months) have to be included as candidate fathers. Finally, the Soay sheep is an island relict with a long history of isolation on the St. Kilda archipelago (Campbell, 1974) . Although the population has more protein polymorphism than might be expected (Bancroft et al., 1995) , extensive searches have failed to reveal microsatellite loci with more than eleven alleles or heterozygosity greater than 0.82 .
A major reason for investigating paternity in Soay sheep is to determine the consequences of fluctuating demography both for the mating system and for individuals born at different times in relation to population fluctuations. On St. Kilda, population size and sex ratio fluctuate in synchrony (see Fig. 1 , r=0.916) because rams are more susceptible to overwinter mortality than ewes (Grubb, 1974a , b, Jewell, 1989 Clutton-Brock et al., 1991 , 1997 Grenfell et al., 1992) . We have previously established that at low density after a population decline, lamb and yearling rams sire a higher proportion of lambs than when the population is at higher density (Pemberton et al., 1996) . In this paper, with a much larger data set, we ask: (1) 
METHODS
Study population
The study area comprises the 170 ha Village Bay on Hirta, St. Kilda which typically contains a third of the total island population of Soay sheep. Since 1985 over 95% of lambs born in the study area in April-May have been tagged and sampled for genetic analysis soon after birth (Clutton-Brock et al., 199 1, 1992) . Many of the remaining untagged residents were tagged and sampled in a summer catchup, and as many as possible of the rams that immigrated to Village Bay temporarily for the rut (November) were darted, tagged and sampled. For 1326 of 161 7 lambs investigated in this study (82%) maternal identity was inferred from observation, and mother-offspring genotypes were consistent with observation. Over 80 YO of tagged individuals were found after death by searching sheltering places in spring, and this information was combined with that from regular censuses on all expeditions to determine survivorship of individual sheep and the population alive at each rut.
Genogping
Sampling for genetic analysis consisted of ear punches from the tagging procedure and venous blood samples stored as plasma, red cell and crude white cell fractions. All samples were frozen at -20°C within 48 hours of collection and remained frozen until genotyping. Sampled individuals were genotyped at a range of up to 17 po!ymorphic protein and microsatellite loci which are listed in Table 1 . Genotyping methods were essentially as described in Bancroft et al. (1995) except that microsatellite genotyping throughput was scaled up using 96-well microtitre plates, and allozymes (except transferrin) were genotyped on cellulose acetate plates (Richardson et al., 1986) . As shown in Table 1 , lambs born as a result of recent ruts (1 994-96), their known mothers and candidate fathers, were typed at a partly different set of loci from those born following earlier ruts (1986-93) after a search for more polymorphic microsatellites . All loci were in Hardy-Weinberg equilibrium and none behaved as if linked (tests implemented in Genepop 3.0 (Raymond & Rousset, 1995) , data not shown).
P a h i & anabsis
Paternity was assigned using the likelihood-based approach described in Marshall et al. (1998) . The simulation module within CERVUS 1.0 was used to estimate the critical difference in log-likelihood score (critical A) between the most likely and the second most likely candidate father for assignment of paternity at 80% and 95% confidence, for cases for which maternal genotypes were available and not available. The simulation input parameters included the population allele frequencies at loci under consideration (two different sets for earlier and later cohorts) and the parameters shown in Table 2 . The output in terms of critical A values and the expected proportion of patermities assigned at 80% and 95% confidence are shown in Table   4 . Using the critical A values derived by simulation, CERVUS 1.0 was then used to assign paternity in the real data set.
Paternity analysis was conducted on all sampled lambs conceived in the ruts 1986-96 and born 1987-97. As indicated by Figure 1 , the number of lambs born and the number of candidate fathers for each lamb fluctuated from year to year, and these numbers are shown in Table 3 . 
RESULTS
Patemi& anabsis
Overall, paternity was assigned for 383/1617 lambs (24%) at 95% confidence and for 945/1617 lambs (58%) at 80% confidence (Table 4 ). The success rate of assigning paternity at 95% confidence declined significantly with the number of candidate fathers tested (Fig. 2) . This reflects the difficulty of assigning paternity with great confidence when there are many matching candidate males. The success rate of assigning paternity at 80%) though also declining, was less sensitive to the TABLE 4. Outcome of paternity analysis in Soay sheep using CERVUS with the loci shown in Table  1 , simulation parameters shown in Table 2 and population figures shown in Table 3 Ruts Confidence
Critical A (Fig. 2) and all further analyses were conducted on this data set.
Female promiscuib
A previous analysis of rut census data compared with assigned paternities has shown that paternities are frequently (in 73% of cases) assigned to rams not seen with the oestrous ewe (Coltman et al., 1999) , implying that ewes mate with many more rams than can be detected by the census method. The present, much larger data set, allowed confirmation of female promiscuity by another route. Of 80 sets of twins which both had an assigned father, only 21 (26%) had the same father; even at the point of fertilization, sperm from more than one ram is commonly present.
Age-spec@ ram breeding success and population densib
The mean per-rut reproductive success of juvenile, yearling and adult (>2 years) rams declined with increasing population size, and this relationship was significant for juveniles and adult rams (Fig. 3A-C) . The lack of relationship in yearlings may be partly explained by the data for 1986 and 1989; in both of these years the yearling cohort consisted of just three rams, the rest having died in the preceding winter. Both the slope and intercept of the relationship for adult rams were greater than for juvenile rams (Fig. 3) . Overall, the rut varied from low density years in which adult rams averaged up to five times as many assigned paternities as juvenile rams, to high density years when rams of all ages had a similar low mean number of assigned offspring.
The mean number of assigned paternities per ram in a given age class in a rut masks two potentially interesting sources of variation: the proportion of rams assigned at least one paternity and the mean sibship size attributed to these breeders, and we investigated how these two parameters varied with population size. Among both young (= juveniles and yearlings) and adult rams, the proportion of rams assigned at least one paternity declined significantly with rising population size (Fig. 4A) . The rate of decline was not significantly different in the two groups, but the intercept for adult males was higher (ANCOVA population size Fl,18=29.4, P < 0.001; age (young or adult) F],,8=5.75, P= 0.028; interaction population size.age F 1 , 1 8 = 1.19, P= 0.29 1). Among adult breeders, the mean assigned sibship size declined significantly with rising population size, but was uniformly low for young breeders ( Fig. 4B; ANCOVA population size F1,,,=25.05, P < 0.001; age (young or adult) F1,18= 25.44, P < 0.001; interaction population size.age F1,18 = 11.22, P= 0.004). Thus at low population size and sex ratio, following a crash, adult rams achieved increased polygyny, but under these circumstances up to 40% of young rams were also assigned paternities and sired smaller sibships.
Distribution of @time breedirg succesj
We investigated the impact of breeding by young rams (lambs and yearlings) on variance in lifetime breeding success (LBS). success of 699 rams born in the study area since 1985 which survived to their first rut and have since died, and compares the distribution of LBS when all assigned paternities were included and when only those paternities assigned to adult rams were included. As expected, both distributions were highly skewed, with many relatively unsuccessful rams and a few very successful rams. Including the paternities assigned to young rams had an appreciable effect on the distribution, with more than 100 rams moving out of the zero breeding success category. Including breeding by young rams nearly halved the coefficient of variation in ram lifetime breeding success from 5.1 1 (for paternities assigned to adult rams) to 2.57 (for paternities assigned to rams of all ages). Some rams born since 1985 are still alive and breeding, and therefore excluded from this data set, so our analysis is biased towards animals that died young. If anything, the coefficient of variation for paternities assigned to adult rams may be higher than suggested, but the overall effect seems unlikely to be large, given the sample size of 699 rams already in the analysis.
DISCUSSION
We have described a large-scale analysis of paternity in a strongly promiscuous mating system, in a study organism with several characteristics mitigating against successful paternity inference (see Introduction). At 80% confidence we were able to assign a father to 945 lambs (58% of the lambs tested) and with this sample we have demonstrated systematic changes in the breeding success of rams of different ages in relation to the fluctuating dynamics of the population.
Our paternity analysis using CERVUS raises several issues for discussion. First, it demonstrates the destructive effect of not having genetic information on the mother when searching for a father (or vice versa). Summarizing figures in Table 4 , at 95% confidence the proportion of resolved paternities increased by 3.6-fold when genetic data for the mother were available, and at 80% confidence by 3.9-fold. Using loci with the level of variation shown in Table 1 , if genetic data for the mother are not available, less than 20% of paternities are resolved at 80% confidence and if all lambs had been in this category it is debatable whether the investment in molecular analysis would have been worth the outcome. In such cases the simulation module within CERVUS should be a useful aid to deciding whether to employ molecular paternity analysis at all.
Second, although dealing with a fluctuating population, we determined critical A values using a single set of simulation conditions for each set of loci. In principle we could have simulated each rut separately with rut-specific parameters, particularly for the number of candidate fathers. We did not do this because previous work has demonstrated that the simulation outcome is relatively insensitive to the number of candidates (Marshall et al., 1998) and this was confirmed by exploratory analyses which suggested that the number of assigned paternities in any year would change by less than 5% from the numbers presented here. The main effect of using rutspecific simulations would be to make the proportion of paternities found more sensitive to population size than shown in Figure 2 , with the associated risk that downstream analyses were systematically affected by the paternity analysis method.
Third, in general fewer paternities were assigned than the simulation module of CERVUS predicted (Table 4) . This contrasts with a similar analysis of red deer paternity (Marshall et al., 1998) in which observed and expected assigned paternities were similar. The difference is probably due to the simulation parameters being less accurate for Soay sheep than for the red deer, in various ways. Two parameters which may not capture the Soay sheep system adequately are the proportion of sampled males (set at 8O%), which probably varies from year to year and is difficult to enumerate, since unsampled males are often transient in the study area, and the proportion of loci typed (set at 90Y0). Although 90% of genotypes exist in our database, the missing genotypes are not random across loci, as the simulation assumes, but are commoner at the more polymorphic loci because these are more difficult to genotype.
Finally, although one in five identified sires is likely to be wrong, and we have accounted for only 58% of paternities, it seems unlikely that the patterns of breeding success revealed are due to biases in the paternity inference system. Certainly the success of paternity inference was related to the number of candidate fathers (though not significantly for the 80% paternities, Fig. 2 ) but there is no reason to suppose that there was any systematic bias towards young or adult rams being awarded paternities at different population sizes.
A l l age classes of rams sired more lambs when the population was at low density than at high density, though the gradient was steepest for adult rams (Fig. 3) . This probably reflects the differing levels of competition for mates across the density range. Low density ruts follow population crashes in which mortality is male biased, resulting in a strongly female-biased population (see Fig. 1 and Introduction). At present the mechanism by which young rams sire more offspring at low density is unclear: we do not know whether the effort they invest varies between years or whether they invest the same effort each year, but suffer different levels of exclusion by adult rams. In a high density year, breeding effort is likely to cost a young ram his life in the subsequent winter (Stevenson & Bancroft, 1995; Jewell, 1997) . On the other hand if, as is often the case, virtually all young rams die over winter, selection will favour strenuous attempts to breed in whatever time is available. If the breeding success of young rams primarily reflects exclusion by adult rams, this is probably by behavioural dominance, with adult rams sequestering oestrous females. An interesting additional possibility is that young rams gain paternities as a result of sperm depletion in adult rams. This may be particularly likely in low density years if individual adult rams spend a higher proportion of their time with oestrous ewes. These issues are the subject of current investigation.
The proportion of young and adult rams siring offspring varies in a similar way in relation to density (Fig. 4A) . Although a smaller proportion of young rams bred, they often constituted the majority of breeders because of the numerical superiority of young cohorts. The mean number of offspring sired by young and adult breeders show different patterns in relation to population density. Whereas adult breeders sired larger sibships at low density, the sibship sizes sired by young breeders remained similar and small throughout the density range (Fig. 4B) . Taken together, these relationships mean that at low density, at the very point when polygyny was at its maximum among adult rams, more young rams acquired paternities and the paternities were relatively evenly distributed among young rams.
The effect of successful reproduction by young rams was to halve the standardized variance in ram lifetime breeding success, as shown in Figure 5 . Many rams which died in their first or second winter nevertheless gained a paternity before they died. This has two implications. First, in terms of effective population size, variance in family size among rams is rather less than might at first be inferred from a polygynous population undergoing male-biased mortality events. Second, the opportunity for selection on males is lower than might be inferred from the breeding activities of adult rams.
